Phosphates enter into water bodies mainly from non-point sources such as agriculture fields, which promote algal growth and cause eutrophication in lakes, wetlands, etc. Therefore, it is important to identify methods to reduce the level of phosphates in water bodies. In this work, we used kaolinite and its calcined and acid-activated forms as adsorbents for removing phosphate from an aqueous medium under different conditions of pH, concentration, amount of adsorbent, time and temperature. Our results showed that weakly acidic pH (~5.0) favoured the adsorption of phosphates, which attained equilibrium within 180 min. The interactions followed second-order kinetics. Our data fitted well with linear isotherm models. A part of the phosphate interacts chemically with kaolinite, while some amount may be weakly held. Experiments at 303, 313, 323 and 333 K showed that the interactions are exothermic, with decreasing entropy and Gibbs' energy. We found that acidactivated kaolinite had the highest adsorption capacity for phosphate.
INTRODUCTION
Phosphorus is one of the essential elements required for the growth of plants and the amount of phosphorous in the soil is often not enough to meet its requirements for normal growth. Therefore, phosphorus is applied to agricultural fields in the form of inorganic and/or organic fertilizers. However, the amount of fertilizer applied often exceeds the amount of uptake needed by the plants, resulting in a build-up of phosphorous in the soil. Most of the excess phosphorous is bound to the soil and some of it is converted into less available forms; however, there is also a risk of some of these excess phosphorous being transported from agricultural fields to surface waters (Börling 2003) . The addition of phosphorous to water systems such as lakes, rivers and creeks often creates the problem of eutrophication, because of the abundant growth of aquatic plants and algae, which subsequently results in depletion of dissolved oxygen content in the water system (Parry 1998) . Dissolved phosphorous exists in water as one of several anions (PO 4 3-, HPO 4 2or H 2 PO 4 depending on pH), inorganic polyphosphates and some organic phosphorous compounds. Particulate phosphorous comprises pure crystalline minerals, amorphous precipitates and those adsorbed onto soil particles and eroded organic matter (Karthikeyan et al. 2004) .
To minimize phosphate contamination in aqueous systems, adsorption is one of the promising physico-chemical processes that occur at the solid-liquid interface. Various abiotic and biotic factors (e.g. pH, redox potential, ionic strength, adsorbent type, organic matter content, phosphate concentration, solubility product, temperature and non-reductive/reductive
Characterization

X-ray diffraction measurement
X-ray diffraction (XRD) measurements of clay adsorbents were done using Phillips Analytical Xray spectrometer (PW-1710) using Cu-K α radiations.
Fourier transform-infrared spectroscopy measurement
The Fourier transform-infrared spectroscopy (FT-IR) spectra of the clay adsorbents were recorded with Perkin-Elmer Spectrum RXI (4000-400 cm -1 ).
Specific surface area
The specific surface area of the clay was measured by Sears' method (Sears 1956) . A sample containing 0.5 g of clay was acidified with 0.1 N HCl to pH 3-3.5. To this sample, 10 g of NaCl was added and the volume was made up to 50 ml with double-distilled water. Titration was carried out with standard 0.1 N NaOH (temperature adjusted to 303 ± 0.5 K). The amount of alkali solution required to be added to obtain the pH 4.0 was noted and addition was continued slowly until the pH rose to a value of 9.0. The volume, V, of the alkali required to raise the pH from 4.0 to 9.0 was found out. The specific surface area was estimated from equation (1):
(1)
Phosphate Solution
A stock solution of phosphate was prepared by dissolving the required amount of KH 2 PO 4 (Qualigens, Mumbai, India) in double-distilled water and was used to prepare the adsorbate solutions by appropriate dilution. The prepared phosphate solution had a pH of 5.0, which did not change significantly with dilution.
Adsorption Experiments
Before the actual adsorption experiments, blank runs were carried out by taking standard phosphate solutions in the same concentration range (as was used in the adsorption experiments) in Erlenmeyer flasks without the clays and shaking the same as in the actual experiments. The walls of the flask did not show any measurable adsorption of phosphate.
The adsorption experiments were carried out in the same flasks by mixing together 0.1 g of clay (except when the effect of amount of clay present in the sample was studied) with 50 ml of aqueous phosphate solution of strength 50 mg l -1 (pH 5.0 without adjustment) at 303 K and agitating the mixture for 180 min (equilibrium time) in a thermostat water bath shaker (NSW, Mumbai, India). If the pH of the adsorptive solution needed to be adjusted, a few drops of dilute NaOH or HNO 3 were added to bring the pH to the desired value before adsorption. When the agitation was over, the mixture was centrifuged (in Remi R 24 at 15,000 rpm) immediately and the amount of unadsorbed phosphate remaining in the supernatant liquid was determined using a UV-visible spectrophotometer (Perkin-Elmer Lambda EZ-201) at λ max = 690 nm. The pH of the mixture after adsorption was also measured. All the experiments were done in triplicate and were rejected if uniform, reproducible results were not obtained.
For kinetic experiments, the agitation time was varied from 5 to 360 min at appropriate intervals. The influence of pH was investigated in the range of 2.0-10.0 at unit intervals. The effects of clay loading and phosphate concentration were studied with clay amounts of 2-6 g l -1 and phosphate concentration ranges of 10-50 mg l -1 . For isotherm-fitting experiments, the phosphate concentration was varied between 10 and 300 mg l -1 at a constant clay load of 2 g l -1 and the adsorption capacities were computed at four different temperatures (303, 313, 323 and 333 K) . The thermodynamic parameters were also evaluated from adsorption experiments at four different temperatures.
RESULTS AND DISCUSSION
Adsorbent Characterization
XRD study
Calcination as well as acid treatment introduces some changes into the crystal structure of clay minerals. Upon acidification, the characteristic XRD peaks of the clay minerals have been known to undergo widening accompanied by reduction in intensity (Radojevc et al. 2002) . This implies that the regular clay structure is partially destroyed by treatment with a strong acid. At the same time, it has also been observed that although acid treatment leads to amorphization, the very low-angle diffraction peaks show increased intensities (Jozefaciuk and Bowanko 2002) and a corresponding reduction in the tip widths (Diaz and Santos 2001) . Similar observations on XRD patterns of the kaolinite clays (Bhattacharyya and Sen Gupta 2007) may be summarized as follows: to 7.30 Å; 2θ = 12.14°) and the peak intensity changed from 23.14% to 21.32%. The intensity of most of the XRD peaks of kaolinite did not show a sharp decrease upon acid treatment. The relative intensity of a low angle peak at 2θ = 5.70°increased from 1.28% (kaolinite) to 4.44% (acid-activated kaolinite).
FT-IR study
Results of the FT-IR measurements have confirmed the changes to different structural features of kaolinites observed with XRD. The IR results, interpreted according to Farmer (1979), can be broadly described as follows:
(i) Calcination reduces the intensities of the IR bands; the OH-stretching bands, namely, the 3620 cm -1 band reduces in intensity from 71.9% to 67.0%, the 3694 cm -1 band (shifts to 3692 cm -1 ) from 76.5% to 74.2%, the 3652 cm -1 band (shifts to 3650 cm -1 ) from 74.2% to 69.1%, while the SiO-stretching bands at 1012 cm -1 and 1032 cm -1 (shift to 1010 and 1032 cm -1 , respectively) decrease in intensity from 54.6% to 44.3% and from 51.5% to 44.3%, respectively. (ii) Even when treated with acid, the bands show intensity reduction; among the OH bands, intensity of the 3620 cm -1 band (shifts to 3623 cm -1 ) is reduced from 71.9% to 58.0%, the 3694 cm -1 band (shifts to 3696 cm -1 ) from 76.5% to 57.3%, 3652 cm -1 band (shifts to 3653 cm -1 ) from 74.2% to 63.6%. These results indicate that both calcinations and acid treatment affect mainly the OH groups.
Surface area
The untreated kaolinite (K1) has a surface area of 3.1 m 2 /g (Sen Gupta and Bhattacharyya 2008). Calcination at 773 K increases the specific surface area of kaolinite (K2) to 3.8 m 2 /g. In an earlier study by Volzone and co-workers an increase of 5-25 m 2 /g was observed upon calcinations at different temperatures (Volzone et al. 1999) . In this work, acid-activated kaolinite (K3) was found to have a specific surface area of 15.6 m 2 /g. Acid activation and subsequent calcination have been known to increase the specific surface area (Sabah et al. 2002) . Acid treatment opens up the edges of the platelets and as a consequence, the surface area increases (Volzone et al. 1999; Diaz and Santos 2001) .
Adsorption of Phosphate
Influence of pH
The extent of adsorption (%) and also the amount of phosphate adsorbed per unit mass of clay (q e ) increases from pH 2.0 to 5.0, showing maximum adsorption at pH 5.0, and then decreased up to pH 10.0 ( Figure 1 ). The pH of the solution determines the type of phosphorous species (Namasivayam and Sangeetha 2004) . At pH 2.0, the predominant species is known to be H 3 PO 4 which attaches only weakly to the sites of the adsorbent. At pH 3.0-6.0, the predominant species is H 2 PO 4 anions, which are likely to adsorb strongly on positively charged sites on the clay surface. Between pH 7.2 and 9.0, the HPO 4 2species dominates and these anions are likely to face competition from OHions for surface adsorption sites. Such a situation explains the response of phosphate-clay system to the changes in pH (Kasama et al. 2004 ). The pH does not show any measurable change during the adsorption process even after attaining equilibrium.
Similar type of behaviour to solution pH has been demonstrated earlier for phosphate adsorption on calcined alunite (Özacar 2003a) and also on ammonium-functionalized MCM-48 ). Arai and Sparks (2001) have observed that adsorption of phosphate on ferrihydrite decreases when the pH is increased from 3.5 to 9.5.
Kinetics of adsorption
The clays rapidly take up phosphate and reached the maximum adsorption capacity within the first 30 min (Figure 2 ), following which there is a slow increase in the uptake until attaining the equilibrium at 180 min. When adsorbing phosphate on calcined alunite, Özacar (2003b) reported an equilibrium time of 120 min, whereas the adsorption was very fast on Al-impregnated SBA-15 when only 60 min was required to attain equilibrium (Shin et al. 2004) . To determine the mechanism of phosphate adsorption on clay surface, several well-known kinetic models have been applied. The pseudo-first-order Lagergren model (Lagergren 1898) ln (q e -q t ) = ln q e -k 1 t
(2)
(q e and q t are the amounts adsorbed per unit mass at equilibrium and at any time t, and k 1 is the first-order adsorption rate co-efficient) gives linear plots of ln (q e -q t ) versus time (r = -0.97 to -0.98, approximate value) giving k 1 = 2.9-3.1 × 10 -2 min -1 (Table 1) . The major discrepancy observed was that the q e values obtained from the plots deviated from the experimental values by as much as -30.5% to -45.9%. The second-order model (Ho and McKay 1999) given by t/q t = 1/(k 2 q e 2 ) + (1/q e )t
also produces linear plots (r = +0.99, approximate value) of t/q t versus t (Figure 3 ). However, these plots have better acceptance because the q e values obtained from these plots deviate only between +5.4% and +10.5% from the experimental values. The second-order rate co-efficient, k 2 , for acid-activated kaolinite is larger than that of the untreated and calcined kaolinite (Table 1) . Acid treatment thus enhanced the reactivity of the clay surface for faster phosphate uptake.
In a further attempt to study the nature of adsorption, another equation, namely, the Elovich equation (Ho and McKay 1998) , normally applicable to chemisorption on energetically heterogeneous solid surface, and given by
is also applied to find out the Elovich co-efficients, α and β, representing the initial adsorption rate (g mg -1 min 2 ) and the desorption co-efficient (mg g -1 min -1 ), respectively. These can be computed from the plots of q t versus ln t. The Elovich plots are linear (r = +0.95, approximate value) and the slopes and intercepts are utilized to obtain "α" in the range of 3.8 × 10 -2 g mg -1 min 2 to 38.0 × 10 -2 g mg -1 min 2 (Table 1) . Acid-activated kaolinite has higher α value compared with untreated and calcined sample and thus, a higher initial adsorption rate. The other co-efficient, β, did not show much variation among the clay adsorbents (Table 1) indicating that under the equilibrium conditions, all the three clay samples keep most of the phosphate ions adsorbed to the surface and desorbing very little. The kinetics may be further examined on the basis of either (i) pore diffusion or (ii) the transfer of phosphate ions from the liquid phase to the clay-phosphate solution interface, which is the slowest process. In the first case, the intra-particle diffusion model (Weber and Morris 1963) based on the simple equation
and plots of q t versus t 0.5 , despite yielding straight lines [r = +0.84 to +0.85 (approximate values), Table 1 ] with the intra-particle rate co-efficient, k i , having values of 6.4-6.6 × 10 -1 mg g -1 min -0.5 , might not be accepted because the plots do not have non-zero intercepts (+ 1.4 to + 3.9). Secondly, when the liquid film diffusion model (Boyd et al. 1947) given by the equation
is applied, linear plot of -ln (1 -q t /q e ) versus t was obtained [r = +0.97 (approximate value), Table 1 ] with the diffusion rate co-efficient of 2.9-3.1 × 10 -2 min -1 . The intercepts (-0.3 to +0.6) are small and liquid film diffusion might have played a significant role in the process of adsorption. Figure 3 . Second-order plots for phosphate adsorption on clays (experimental conditions are clay: 2 g l -1 ; initial phosphate concentration: 50 mg l -1 ; pH: 5.0; temperature: 303 K; kaolinite, K1; calcined kaolinite, K2; acid-activated kaolinite, K3).
It appears that no simple mechanism can explain the kinetics of phosphate adsorption on the clay surface. The accumulation of phosphate ions on the clay surface and the subsequent strong interaction might be the result of more than one mechanism working at the same time.
Many authors have reported second-order mechanism for adsorption of phosphate on a variety of adsorbents such as Al-impregnated SBA-15 (Shin et al. 2004) , Zr(IV)-and Fe(III)-loaded collagen fibre (Liao et al. 2006 ). However, Akhurst et al. (2006) have also reported first-order kinetics for phosphate adsorption on Bauxsol.
Influence of adsorbent amount
We observed that increasing the amounts of clay in the suspensions interacting with phosphate leads to increase in adsorption. However, this increase was not enough to bring about a positive change in the amount adsorbed per unit mass (q e ) which actually came down (Figure 4) . Thus, for clay loadings of 2-6 g l -1 (phosphate 50 mg l -1 ), the increase in adsorption was only from 33.8% to 43.8%, 39.0% to 48.6% and 44.4% to 53.0% for untreated, calcined and acid-activated kaolinite, respectively, and the corresponding change in q e was from 8.5 to 3.7 mg g -1 , 9.8 to 4.1 mg g -1 and 11.1 to 4.4 mg g -1 .
The above may be due to a combination of effects that includes a kind of solid concentration effect (Yu et al. 2000) arising from the overcrowding of clay particles and lack of better contact between the solute and the solid. With increasing sorbent loading, both the available surface area and the available mass of the sorbent increase for a given concentration of the solute. This leads to less-than-expected increase in adsorption. It is also proposed that there is an increase in the diffusional path length that the solute has to travel to accumulate at the clay surface (Shukla et al. 2002) . Similar results have been recorded earlier by other workers [e.g. Kang et al. (2003) for adsorption of phosphate on iron oxide and Akhurst et al. (2006) on Bauxsol].
Adsorption isotherm
The adsorption profile obtained by plotting q e versus C e for phosphate-clay interactions (phosphate: 10-300 mg l -1 ; clay: 2 g l -1 ; temperature: 303-333 K) indicates that the acid-activated kaolinite has the highest phosphate uptake compared with the calcined and the untreated kaolinite at all the four temperatures considered in this study. Obviously, the number of sites suitable for holding phosphate ions is much more in the case of acid-activated kaolinite than the untreated and the calcined kaolinite. All the four isotherms show rapid rise at lower C e and q e values, signifying that the clays have sufficient number of readily accessible sites which are filled up first. In each case, a plateau is reached, indicating saturation of the clays with phosphate. With further increase in C e , the amount adsorbed per unit mass, q e , has little tendency to rise, basically due to saturation of all the sites. The Freundlich plots, based on the well-known isotherm equation (Freundlich 1906) , q e = K f C e n (7)
have regression co-efficient, r = +0.93 to +0.97 (approximate values), indicating near-perfect linear relationship between log q e and log C e (C e is the equilibrium solution-phase concentration of phosphate). The adsorption co-efficients (Table 2 ) are in agreement with conditions of favourable adsorption. The adsorption intensity co-efficient (n) is less than 1 in all the cases (= 0.4-0.5), and the adsorption capacity (K f ) lies between 1.5 and 2.5 mg (1 -1/n) l 1/n g -1 at 303 K, 1.3 and 1.8 mg (1 -1/n) l 1/n g -1 at 313 K, 1.0 and 1.5 mg (1 -1/n) l 1/n g -1 at 323 K and 0.8 and 1.2 mg (1 -1/n) l 1/n g -1 at 333 K. As expected, the adsorption capacity K f is highest for the acid-activated kaolinite. The Langmuir isotherm (Langmuir 1918) C e /q e = 1/(bq max ) + (1/q max )C e (8) also produces curves of better linearity [r = + 0.99 (approximate value), Figure 5 ] and the monolayer capacity, q max , has values of 16.3-20.4 mg g -1 at 303 K, 15.6-18.1 mg g -1 at 313 K,
Using aqueous kaolinite suspension in phosphate removals 543 15.4-17.0 mg g -1 at 313 K and 14.7-16.8 mg g -1 at 333 K (Table 2) , with the highest and the lowest values given by the acid-activated kaolinite and the untreated kaolinite, respectively. It is to be noted that the Freundlich isotherm is thermodynamically more rigorous for adsorption on heterogeneous surfaces than the Langmuir isotherm, which is the most straightforward nonlinear model. Because Langmuir isotherm has shown better fit with the experimental data than the Freundlich isotherm, it can be predicted in line with the basic tenets of the Langmuir isotherm that the adsorption energy for clay-phosphate interactions was constant and independent of surface coverage. Further, phosphate adsorption was likely to have remained confined to the localized sites with no adsorbate-adsorbate interactions.
It has been observed that calcination and acid activation of kaolinite improve the phosphate adsorption capacity. These processes are likely to produce more cationic sites on kaolinite that can be exchanged with phosphate. Comparing the adsorption capacities of kaolinites as obtained from the isotherms (Tables 2 and 3) , it is seen that the Freundlich adsorption capacity increased by 20.0% after calcination and 66.6% after acid treatment, whereas the Langmuir capacity increased by 14.0% and 25.2%, respectively at the adsorption temperature of 303 K. In agreement with the present work, Özacar (2003a) has also found that phosphate adsorption on alunite increases after calcination up to 1073 K. Özacar (2003b) reported Freundlich and Langmuir adsorption capacities of 1.362 l g -1 and 1.355 mmol g -1 , respectively, for phosphate adsorption on calcined alunite. The corresponding values of q m , β DR and E are 1.362 mmol g -1 , 2 × 10 -8 mmol 2 J -2 and 5.0 kJ mol -1 , respectively. Xie et al. (2005) have observed a rise in adsorption of phosphate on aluminium oxide after it was heated above 773 K or treated with an acid. The surface-modified MCM-48 yielded a Freundlich adsorption capacity in the range of 4.40-3.71 by increasing the temperature from 278 to 318 K ). The Freundlich adsorption capacity for phosphate on natural palygorskite clay and thermally treated palygorskite (heated at 973 K) was reported as 0.013 -18.43 mg 1 -n l n g -1 , respectively (Gan et al. 2009 ).
Thermodynamics of adsorption
If the adsorption is carried out at a higher temperature (303-333 K), phosphate uptake by kaolinite comes down, which suggests that the interactions are exothermic. Adsorption of phosphate was 8.5, 7.7, 6.7 and 5.8 mg g -1 on kaolinite, 9.8. 9.0, 8.2 and 7.1 mg g -1 on calcined kaolinite and 11.1, 9.8, 8.8 and 7.8 mg g -1 on acid-activated kaolinite at 303, 313, 323 and 333 K, respectively. With increasing temperatures, phosphate desorbs back into the solution from the clay surface. Another factor may be the possible increase in the solubility of phosphate due to the increase in temperature. Saad and co-workers have reported exothermic interactions of phosphate on NH 4 MCM-48 ).
The thermodynamic adsorption parameters, ∆H, ∆S and ∆G (Table 3) , were computed from the plots of ln K d versus 1/T (r = +0.99, approximate value) using equations (9) and (10) (Thomas and Crittenden 1998):
where K d is the distribution co-efficient of the adsorbate and is equal to q e /C e (l g -1 ). The mean adsorption enthalpy (∆H) has values of -22.8, -21.4 and -24.4 kJ mol -1 for untreated (K1), calcined (K2) and acid-activated kaolinite (K3), respectively. The values indicate moderately strong bonding between phosphate ions and the clay minerals. The exothermic enthalpy for acidactivated clay is higher than that for uncalcined and calcined adsorbents, which indicates that phosphate ions are held more strongly by acid-activated kaolinite. Phosphate adsorption on clays was accompanied by a mean entropy decrease of -108.6, -100.5 and -108.4 J K -1 mol -1 for K1, K2 and K3, respectively. This may be attributed to phosphate ions taking up positions on the clay surface in such a way that this arrangement is much more orderly than the random distribution of the ions in the solution phase.
Adsorption of phosphate on kaolinites also leads to decrease in Gibbs' energy. The value of ∆G changes from -32.9 to -36.2 kJ mol -1 , -30.4 to -33.4 kJ mol -1 and -32.8 to -36.0 kJ mol -1 in the temperature range of 303-333 K for uncalcined, calcined and acid-activated kaolinite, respectively. With increasing temperatures, the decrease is much more in conformity with the exothermic nature of the process. Thus, although the adsorption of phosphate on kaolinite is not favoured from entropy considerations, exothermic nature and Gibbs' energy decrease, which drive the process towards attaining adsorption equilibrium. The exothermic enthalpies (∆H) for the adsorption of phosphate on aluminium-pillared clays (Al-PILCs) and lanthanum/aluminiumpillared clays (LaAl-PILCs) were reported as -61.33 and -36.73 kJ mol -1 with the corresponding entropy values of -166.08 and -56.51 J mol -1 (Kasama et al. 2004) . These values are well compared to the present study.
CONCLUSIONS
The common clay, kaolinite and its calcined and acid-activated forms have good capacity to remove phosphate from water. The process is dependent on phosphate concentration as well as on clay amount and our study results show that a small amount of clay can bring about a large reduction of phosphate levels in water.
Initially, the process of phosphate removal is very rapid, but then it slows down as the process approaches equilibrium. The initial interactions might be with the surface sites, but then the phosphate ions slowly enter into the pores, slowing down the entire process. The kinetics of clay-phosphate interactions is very complex and based on the application of different models, it is seen that the interactions are very close to the second-order kinetics. The phosphate-kaolinite interactions gave good fits with the well-known Freundlich and Langmuir isotherms and the isotherm co-efficients helped to interpret the results. The interactions were thermodynamically favourable as supported by the decrease in the enthalpy of adsorption and also the Gibbs' energy. The entropy also showed a decline, indicating that the clay-phosphate adsorption complex had less entropy than that of the free solute in solution.
